In 1975, using quantum field theory in curved space-time, S. Hawking predicted black holes to emit thermal radiation. Since the experimental observation from an actual black hole is challenging, analogue systems have gained more and more attention in the verification of this concept. We propose an experimental set-up consisting of two adjacent piezoelectric semiconducting layers, one of them carrying dynamic quantum dots (DQDs), and the other being p-doped with an attached gate on top, which introduces a space-dependent layer conductivity. The propagation of surface acoustic waves (SAWs) on the latter layer is governed by a wave equation with an effective metric. In the frame of the DQDs, this metric is equivalent to that of a two dimensional non-rotating and uncharged black hole with an apparent horizon for SAWs. Analogue Hawking radiation appears in form of phonons. We show that for a GaAs piezoelectric the Hawking temperature is in the mK-regime.
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I. INTRODUCTION
In 1975 S. Hawking [1] showed that black holes are not completely black. They emit what is known as Hawking radiation (HR) from the horizon, arguably the most famous quantum effect in general relativity. Since its theoretical prediction, many studies have looked into ways to measure such blackbody radiation. However, the small temperatures even for light black holes make its detection very challenging. Black hole analogous were first considered by W. Unruh [2] as a means to overcome this difficulty. He identified the existence of an acoustic apparent horizon for sound waves in an irrotational fluid, flowing with spherically symmetric velocity v(r). This apparent horizon occurs where the flow changes from subsonic v(r) < c s to supersonic v(r) > c s with c s denoting the speed of sound in the fluid -the sound waves in the supersonic region are slower than the fluid and are thus trapped inside it. This rather intuitive analogy to the event horizon of a black hole can be made more precise: The propagation of sound waves can be shown to be governed by an effective metric matching that of a gravitating spherical, non-rotating massive body in Painlevé-Gullstrand coordinates [3] 
which indeed shows a horizon at c 2 s − v 2 (r) = 0, confirming that this system is suitable for mimicking a black hole.
Since Unruh's original proposal, a vast number of black hole analogous have been proposed, for instance in liquid Helium [4] , dc-SQUID transmission lines [5] , water tank as classical analogue platform [6] , electromagnetic waveguides [7] , water waves [8] , hydrodynamic microcavity polariton flow [9] and Bose-Einstein condensates [10] , the latter one being the first successful experimental verification of the quantum nature of analogue HR. Hawking temperatures from 10 −9 K to 10 3 K are estimated for these quantum simulations, some of which could be detected in the near future. Furthermore, understanding of the physics in these analogue systems may provide clues for unanswered questions, such as the trans-Planckian problem [11] .
In this paper, we present an experimental set-up (see Fig 1) suitable for black hole simulations which exhibits HR. We investigate the 1-dimensional propagation of surface acoustic waves (SAWs) on a piezoelectric ptype semiconducting substrate with an inhomogeneous 2-dimensional electron gas (2DEG) [12] [13] [14] . These systems have been widely used, e.g. to probe quantum effects in 2DEGs [15] , as well as for electron transport [16, 17] . SAWs have also been proposed as a quantum computation platform [18] and for quantum simulations [19] . An attached gate allows for a controlled spatial modulation of the 2DEG density [20] . Similar to Unruh's proposal [2] , this introduces a space-dependent modulation of the SAW speed, which is a direct route for the formation of the apparent horizon. An observer moving along the SAWs will experience the presence of an apparent horizon at the border between subsonic and supersonic propagation. A possible implementation of a moving detector using dynamic quantum dots (DQDs) is also discussed. This paper is organized as follows. In Section 2 we demonstrate the existence of a horizon for a moving observer due to a modulation of the speed of sound in a piezoelectric substrate, and describe how such a modulation can be achieved using a biasing gate. Section 3 presents an estimate for the Hawking temperature based on realistic experimental parameters and discusses possible avenues to increase the radiation's temperature. Section 4 describes a possible measurement set-up to detect such radiation and in Section 5 we present our concluding remarks.
II. BUILDING BLOCKS
In this section, we will describe the fundamental requirements to generate acoustic Hawking-like radiation in the form of surface phonons. In adapting the original proposal of Ref [2] to solid-state devices, the difficulty lies in designing a moving medium for wave propagation. This can be circumvented by having a space-(and time-) dependent wave speed c(x). An observer moving with a proper speed v along the waves experiences the crossover between subsonic and supersonic propagation at c(x) = v [5, 7] -a direct route for the formation of an apparent horizon [4, 5, [7] [8] [9] [10] 21] . Consequently, this opens up the necessity of a moving detector for measuring the emitted analogue HR. Here, the local modulation of the SAW speed can be achieved by exploiting its dependence on the substrate conductivity [12, [22] [23] [24] [25] [26] , which can be changed locally by biasing a thin gate attached to the piezoelectric p-type semiconducting substrate (see, e.g. [20] ): Biasing the gate with a voltage induces a 2DEG in the surface of the substrate in the vicinity to the gate, changing the substrate conductivity. A properly moving detector experiences an apparent horizon for SAWs that emits analogue HR in form of piezoelectric surface phonons. This moving detector comprises of dynamic quantum dots (DQDs) transporting photogenerated electrons and propagating in an adjacent substrate (labeled as measurement substrate). A magnetic field along the [001] axes leads to a Zeeman-splitting of the electron-spin states. The thermal occupation among the spin states, which is due to spin-orbit interaction between the thermal Hawking phonons and the electrons, reveals the Hawking temperature and can be readout by a SternGerlach (SG) gate [18, 27] , which converts spin into current paths via the Stern-Gerlach effect. The arrangement of interdigital transducers (IDTs) serves as storage ring for the electrons and enables for a sufficiently long interaction time required for thermalization (estimated to ∼ 1 s, see Sec IV).
We will now show the existence of HR for the proposed system and then present set-up details.
A. Effective metric and Hawking temperature
We consider the 1-dimensional propagation of SAWs along the x-direction with a space-dependent speed of sound c(x). With u denoting the SAW amplitude, the dynamics follow the usual wave equation (see, e.g. [28] ) [29] 
This equation describes wave propagation with an effective space-time metric given by
In the reference frame of an observer moving at speed v along the x-direction, the SAW dynamics will be governed by an effective metric
matching Painlevé-Gullstrand's metric and revealing an apparent horizon where c 2 − v 2 = 0. The presence of HR and the calculation of the related temperature can be demonstrated from several standpoints (see, e.g. [1, 21, [30] [31] [32] [33] ). As was shown in [21] , the existence of an apparent horizon with a non-vanishing surface gravity κ g = ∂c ∂x c 2 =v 2 is accompanied by Planckian Hawking radiation with a temperature given by
for frequencies greater than κ g .
B. SAW dynamics
The propagation of SAWs can be controlled by their interaction with a 2DEG in the substrate [12, [22] [23] [24] [25] [26] . Here we follow Ref [25] , which presented a detailed calculation of SAW propagation on a piezoelectric semiconductor with a homogeneous electron gas, and extend their results to the inhomogeneous case. Due to the piezoelectric effect the SAW is accompanied by an electric field, thus interacting with the 2DEG and inducing currents that dissipate energy due to Ohmic losses. The piezoelectric effect is taken into account by introducing a space dependent charge density n s that obeys Maxwell's equation
with the elementary charge denoted by q = |q| (e will be reserved for the piezoelectric constant) and where D is the electric displacement field. The induced current density is given by
where µ denotes the electron mobility, f accounts for the part of the induced space charge being in the conduction band (for a calculation of f , see [25] ), n 2DEG denotes the time-independent density of the 2DEG induced by an attached gate and E(x, t) is the electric field. The time-independence of n 2DEG is necessary in order to recover the usual wave equation for the SAW amplitude. Diffusion currents ∼ k B T ∂ ∂x (n 2DEG + f n s ) due to spatial inhomogeneous charge distribution can be neglected in the low-temperature limit we propose to work in. The total charge density contributing to the electric current is given by
Using the continuity equation for the charge current and density
and the time-independence of n 2DEG , one can derive an equation relating D and E,
Making a plane-wave ansatz
and neglecting terms with the product E · D [34] , one can write D = ε eff E with an effective permittivity
where ∂ x abbreviates the spatial derivative. The equations of state for a piezoelectric material
where T and S denote stress and strain constants, d is the elastic constant and e is the piezoelectric constant, can be simplified to T = d eff S with an effective elastic constant
This equation illustrates the effect of piezoelectric stiffening, i.e. a dressed elastic constant due to the piezoelectric effect [35] . The equation of motion for the SAW amplitude u is given by
leading, with Eq (3), finally to the wave equation of Eq (1) with the SAW speed given by
Note that the RHS of Eq (4) also depends on the SAW speed via ∂ x k(x) = ω/c(x). Thus, solving Eq (4) for c(x) gives, in principle, an expression for the SAW speed in terms of the 2DEG density. However, as we argue in Sec III, in order to estimate the highest gradient ∂ x c(x) that determines the Hawking temperature, it is not necessary to solve Eq (4) for c(x).
C. 2DEG density modulation
In this section we describe the charge distribution in the 2DEG which is induced by the attached gate biased with a voltage V G ∼ 10 V. As a bare approximation the 2DEG is assumed to distribute homogeneously over the area of the gate,
with a density amplitude n proportional to the applied gate voltage V G [20] , and the Heaviside step function H(x). However, the actual 2DEG is smeared out and its density n 2DEG is smoothed close to the diode's edge (illustrated in Fig 2) . We take this into account by convoluting the approximated density n 0 (x) and a Gaussian with a FWHM denoted by κ −1 s , reading
where " * " denotes the convolution operation. The normalization coefficient A guarantees charge conservation,
The phenomenological parameter κ −1 s should be of the order of the screening length of the substrate material which, for moderate doping of the p-type semiconducting substrate, is typically of the order of 10 −8 m [36, 37] . This is the density that will modulate the speed of sound for the SAWs in Eq (4).
III. REALISTIC HAWKING TEMPERATURE
Eq (4) gives an algebraic relation between the SAW speed and the 2DEG density. Consequently, c(x) only depends locally on n(x) and ∂ x n(x): As n(x) and ∂ x n(x) only changes at the gate's edge on a length scale κ −1 s , c(x) changes on a length scale κ −1 s , too. As a result, c(x) can be approximated as follows: In the regions inside and outside the gate with a distance to the gate's edge greater than 2κ −1 s , the SAW speed is assumed to be constant, with values given by letting n → ∞ and n → 0, respectively, and ∂ x n → 0 in Eq (4), giving c = c 0 = d/ρ and c = c 0 1 + 1 2 K 2 , respectively, with the piezoelectric coupling constant K 2 = e 2 /(εd). In the remaining region of size 4κ −1 s around the gate's edge, the SAW speed can be assumed to adjust linearly between these two values (see App A for a more detailed justification). Hence, the (highest) gradient of ∂ x c can be approximated to
In order to maximize the Hawking temperature, the velocity v of the moving observer should be chosen to match the inflection point of c(x) (the point with the highest gradient), which approximately gives v = c 0 1 + 1 4 K 2 . Now we would like to find an estimate for the temperature of this radiation. For a GaAs piezoelectric semiconducting substrate with material constants K 2 ∼ 10 −4 [25] , c 0 ∼ 10 3 ms −1 [38] , and κ s ∼ 10 9 m −1 [39] , the order of magnitude of the Hawking temperature is estimated to be 10 −3 K. As experiments are usually conducted at the 1 K regime, distinguishing this low Hawking temperature from the background radiation may be challenging. We note, however, that no optimization was attempted. Different piezoelectric materials (piezoelectric coupling constants up to 3 orders of magnitude larger have been achieved [40] ) and alternative gate set-ups are possible routes to increase the temperature of the emitted radiation.
IV. INDIRECT MEASUREMENT OF HAWKING RADIATION
The notion of particles is observer dependent (see, e.g. [41] ), which can be seen by comparing Eqs II A and II A: the first one reveals that a static (i.e. being at rest with respect to the set-up) SAW detector like an IDT is not able to detect HR, since it lacks the presence of an acoustic horizon. In order to have a horizon and observe HR, a detector moving at constant speed v is required. To achieve this, we propose to use moving electrons trapped in the lateral piezoelectric potentials accompanying SAWs, also known as dynamic quantum dots (DQD), as proposed in [42, 43] . The DQDs move on the measurement substrate, so that their speed v is constant and does not follow the speed profile c(x) of the upper substrate (see Fig 1) .
Applying a magnetic field B ∼ 1 T [44] along the [001] axes leads to Zeeman-splitting of the two electron-spin states denoted by |↑ and |↓ , respectively, with an energy separation E ↑ − E ↓ = ∆E = gµ B B. The Dresselhaus spin-orbit coupling [45] is the dominant process for spinflip transitions between the Zeemann sublevels in the DQD [43, 46] . The coupling between the piezophonons originating from the acoustic horizon on the upper substrate and the trapped electrons leads to thermalization among the two spin states. In thermal equilibrium, the Hawking temperature is given by the experimentally accessible spin state populations p ↑ and p ↓ :
The use of Stern-Gerlach gates or other spin-to-charge conversion methods allows for the readout of the electron spin. The response of this ratio to a change in temperature is dr/r = (−∆E/k B T 2 H )dT H which scales with dT H /T H but also with ∆E/T H and hence can detect rather low temperatures.
A simple Master equation treatment of the two-level spin system shows that thermalization of the electron spin is achieved after a time T −1 = Γ ↑ + Γ ↓ (see, e.g., [47] ), where the Γ-terms denote the rate for a spin-flip with emission and absorption of a piezophonon, respectively. Due to the low Hawking temperature of the piezophonons, the rate Γ ↓ is negligible, and Γ ↑ is given by the rate for spontaneous emission of a piezophonon. A rough estimation of this rate for the present set-up is given by Eq (8) of Ref [46] , but with an additional factor exp {−2d(gµ B B)/( c)}, where d denotes the distance between the two substrates, taking into account the exponential decay of the piezoelectric field accompanying the piezophonons [12, 48] , and the energy conservation, ck = gµ B B [49] . For a magnetic field B = 1 T, the thermalization rate is of the order of 1 s −1 . Thermalization of the electron spin could be acquired while the electrons are stored in a storage ring as it is shown in Fig  1. Note that HR is only present during the movement along the x-direction. Efficient electron transport over macroscopic distances has been shown [50] : The lengths l, L of the storage ring can be chosen arbitrarily in the sub-mm regime.
Future conveyor belts for electrons using serpentineshaped SAW waveguides [51, 52] could provide an alternate route to acquire thermalization. In comparison, however, the present set-up details make the proposed storage ring more feasible.
V. CONCLUSIONS
We have presented a new platform for the detection of Hawking radiation using semiconductor technology. We have described in detail the steps required to have a horizon in the system, including the modulation of the charge density of a two dimensional electron gas, which is responsible for the change in speed of sound for surface acoustic waves travelling on the substrate. For a GaAs substrate, we have found the Hawking temperature to be on the order of 10 −3 K. While this low temperature would be difficult to measure with current technologies, optimization of the proposed experimental set-up could bring it within current capabilities. We have briefly discussed one possible strategy to measure the quantum character of the emitted radiation using dynamic quantum dots, whose spin state populations would yield access to the Hawking temperature. We stress that a number of different alternatives to observe the evanescent waves could be pursued, as their detection is well developed in fields such as biosensing [53] . However, these schemes must be adapted to allow for the characterization of the quantum nature of the associated SAW phonons.
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